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AERONAUTIC SYMBOLS 


1. FUNDAMENTAL AND DERIVED UNITS 



Symbol 

Metric 

English 

Unit 

Abbrevia- 

tion 

Unit 

Abbreviation 

Length - _ 

Time 

Force _ __ __ 

l 

t 

F 

meter __ _ 

second _ 

weight of 1 kilogram 

m 

s 

kg 

foot (or mile) , 

second (or hour) 

weight of 1 pound 

ft (or mi) 
sec (or hr) 
lb 

Power _ _ _ 
Speed. 

P 

V 

horsepower (metric) - 

(kilometers per hour 

\meters per second 

kph 

mps 

horsepower 

miles per hour _ 

feet per second- 

hp , 

mph 

fps 


w 

g 

m 

1 

M 

s 

s w 

G 

b 

c 

A 

V 

2 
L 
D 
Do 
D t 
D p 
C 


2. GENERAL SYMBOLS 


Weight=ra<7 

Standard acceleration of gravity =9.80665 m/s 2 
or 32.1740 ft/sec 2 
W 

Mass=— 

g 

Moment of inertia=mP. (Indicate axis of 
radius of gyration k by proper subscript.) 
Coefficient of viscosity 


v Kinematic viscosity 

p Density (mass per unit volume) 

Standard density of dry air, 0.12497 kg-m“ 4 -s 2 at 15° C 
and 760 mm; or 0.002378 lb-ftr 4 sec 2 
Specific weight of “standard” air, 1.2255 kg/m 3 or 
0.07651 lb/cu ft 


3. AERODYNAMIC SYMBOLS 


Area 

Area of wing 
Gap 
Span 
Chord 

. b 2 

Aspect ratio, ^ 

True air speed 
Dynamic pressure, \pV 2 


Lift, absolute coefficient C L =^ 

Drag, absolute coefficient 
Profile drag, absolute coefficient D Dq =^ 
Induced drag, absolute coefficient 0^=^ 
Parasite drag, absolute coefficient D Dj) =^^ 


C 


Cross-wind force, absolute coefficient Cc— ^ 


'Iw 

it 

Q 

Q 

R 


a 

e 

«o 

a t 

OL a 

7 


Angle of setting of wings (relative to thrust line) 
Angle of stabilizer setting (relative to thrust 
line) 

Resultant moment 
Resultant angular velocity 


Reynolds number, p 


— where l is a linear dimen- 


sion (e.g., for an airfoil of 1.0 ft chord, 100 
mph, standard pressure at 15° C, the corre- 
sponding Reynolds number is 935,400; or for 
an airfoil of 1.0 m chord, 100 mps, the corre- 
sponding Reynolds number is 6,865,000) 
Angle of attack 
Angle of downwash 
Angle of attack, infinite aspect ratio 
Angle of attack, induced 

Angle of attack, absolute (measured from zero- 
lift position) 

Flight-path angle 
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By Willard D. Coles, Vern G. Rollin, and Donald R. Mulholland 


SUMMARY 

Despite the development of relatively ice-free fuel-metering 
systems , the undespread use of alternate and heated-air intakes, 
and the use of alcohol for emergency de-icing , icing of aircraft- 
engine induction systems is a serious problem. Investigations 
have been made to study and to combat all phases of this icing 
problem. From these investigations , criterions for safe opera- 
tion and for design of new induction systems have been estab- 
lished. 

The results were obtained from laboratory investigations of 
carburetor-supercharger combinations , wind-tunnel investiga- 
tions of air scoops , multicylinder-engine studies , and flight 
investigations . Characteristics of the three forms of ice, impact, 
throttling, and fuel evaporation , were studied. The effects of 
several factors on the icing characteristics were also studied and 
included ( 1 ) atmospheric conditions, (2) engine and air-scooj) 
configurations, including light-airplane systems, (3) type of 
fuel used, and (4) operating variables, such as power condition, 
use of a manifold pressure regulator, mixture setting, carburetor 
heat, and water -alcohol injection. In addition, ice-detection 
methods were investigated and methods of preventing and re- 
moving induction-system ice were studied. Recommendations 
are given for design and operation with regard to induction- 
system icing. 

INTRODUCTION 

Ice formations within an aircraft -engine induction system 
are serious hazards because: (1) the critical areas may be 
sufficiently restricted to reduce considerably the flow of 
combustion air to the engine; (2) the fuel-metering process 
may be upset and cause erratic engine operation; or (3) the 
movable parts, such as the throttle or the heat damper, may 
freeze and become inoperative. 

The symptoms associated with induction-system icing are 
not always discernable and recognition of icing conditions 
usually requires considerable operational experience and 
judgment. This type of icing is not necessarily a cold- 
weather phenomenon, but may occur at temperatures far 
above the normal ambient freezing level. Evidence of ice 
formation during operation or following failure is not easily 
obtained because the ice rapidly melts and a completely reli- 
able icing indicator for induction systems is as yet unavailable. 

Induction-system icing has long been a recognized problem 
and was rated a principal cause of power-plant failure as 


early as 1921 (reference 1). Attention was sharply focused 
on the problem in 1939 by the loss of the British flying boat 
“Cavalier” (reference 2) and again during the war years by 
an alarming number of transport losses in the China-Burma- 
India theater of operations. 

The icing problem remains a serious hazard, despite the 
fact that the induction systems on most licensed aircraft are 
capable of providing sufficient protection in all weather 
conditions if the protection is correctly applied and at the 
proper time. Because the symptoms of carburetor icing are 
often similar to those associated with other engine operating 
difficulties, the pilot must be familiar with the aspects of 
induction-system icing if proper protection is to be promptly 
applied with most protective systems now in use. 

Pilot reports of current operation of several airplanes of 
recent design show that numerous incidents of engine stop- 
page and erratic operation are attributable to both ice for- 
mation and water in the induction system. Much effort 
has been expended to prevent such trouble by altering the 
design of the equipment or by changing the operating 
technique. 

In a review of Civil Aeronautics Administration reports of 
accidents and of failures found during inspection and over- 
haul for 1930-46, Posner (reference 3) reported that 1094 
cases of carburetor icing were recorded out of a total of 4833 
reports. This review covers nonscheduled aircraft opera- 
tions and approximately 99 percent of the data represented 
operation of small single-engine aircraft. From an analysis 
of light-airplane power-plant failures for 1947, Weick (refer- 
ence 4) indicates that 34 percent of the forced landings were 
caused by ineffective carburetor heat or by nonapplication 
or improper application of carburetor heat. This analysis 
was based on one-seventh of the total of 9253 privately 
operated airplane mishaps recorded by the Civil Aeronautics 
Board for the year. 

In 1940, as operations through inclement weather began 
to increase, the Air Transport Association recognized the 
need for a better understanding of causes, effects, and cures 
of induction-system icing and requested the NACA to study 
the problem. Research was started in 1941 at the National 
Bureau of Standards under the direction of a special NACA 
subcommittee. In 1943, the work was transferred to re- 
search facilities at the NACA Lewis laboratory with a more 
comprehensive program sponsored by the Army Air Force. 
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The NACA research program included laboratory de- 
terminations of icing characteristics and heated-air and fluid 
de-icing requirements for representative float-type, pressure- 
type, and fuel-injection-type carburetors in combination 
with representative manifolds, adapters, and supercharger 
combinations; dynamometer measurements of the effects of 
ice on engine operation; icing-research-tunnel studies of 
several protected air-inlet scoops; and flight research under 
both natural and simulated icing conditions (references 5 
to 21). The performance of several special ice-warning 
instruments was studied and an investigation was made of 
methods of eliminating the icing problem by suitable design 
of the air inlet, the fuel-injection device, and the throttles 
(references 13, 18, and 19, respectively). 

Acknowledgement is made of the work of previous in- 
vestigators, which is considered throughout this report and 
is presented in conjunction with the results obtained by the 
NACA. Further acknowledgement is made to domestic 
air-transport companies, government agencies, the armed 
services, and engine and accessory companies for their 
helpful advice, reports on operating incidents and practices, 
and the loan of equipment for experimental investigations. 

REPRESENTATIVE INDUCTION SYSTEMS 

The induction system of a reciprocating engine includes 
all elements and accessories of the air duet from the main 
air-inlet scoop to the inlet valve on the engine cylinder. 
The possible combinations of these elements are increased 
by variations in design and size of each component and by 
use of several different groups of the components on a single 
model aircraft. 

An induction system typical of those used on large air- 
craft is illustrated in figure 1(a). The system consists 
of an offset air scoop with boundary-layer bypass, a 
hot-air selector valve, a protective screen, a downdraft 
pressure-injection-type carburetor, a fuel-injection nozzle, 
turning vanes in the supercharger-inlet elbow, and super- 
charger. Warm air from behind the engine cylinders can 
be drawn into the system through a heating shroud sur- 
rounding the exhaust collector when the hot-air valve is 
turned to close off the cold ram air. The induction system 
shown in figure 1(b) is similar to that of figure 1(a), except 
that the inlet-air duct is built into the leading-edge region 
of the engine cowl. An undercowl scoop that utilizes the 
principle of inertia separation for removing some of the 
free water from the inlet air is shown in figure 1(c). Any 
of these systems can also incorporate additional equipment, 
such as an auxiliary-stage supercharger, an air filter, and 
an intercooler, which inherently complicates the air-flow 
path. 

Nearly all aircraft induction systems have some type of 
alternate air inlet. Systems other than those shown in 
figure 1 have been employed for obtaining sheltered or 
heated air or both, such as taking engine cooling air directly 
from behind the cylinders without special heat provision, 





(a) With offset scoop. 

(b) With leading-edge scoop. 

(c) With undercowl scoop. 

Figure 1 . — Typical induction system. 

using a turbosupercharger as a sole means of heat, or using 
a sheltered unlieated inlet such as a wheel well. 

In addition to alternate or heated-air systems, alcohol 
sprays have frequently been used at various locations in the 
induction system for emergency ice protection. The British 
have favored the use of oil or coolant jackets for surface 
heating of the carburetor (reference 22). 

The fuel-metering equipment on large aircraft engines 
usually consists of pressure-type carburetors or fuel-injection 
systems. In recent years, the speed-density fuel-metering 
system has been considered. 
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A typical light-airplane induction system is shown in 
figure 2. The main inlet-air duct contains a ram-air filter, 



a selector valve for changing from the normal ram-air inlet 
to the alternate hot-air system, an updraft float-type car- 
buretor with fuel nozzle ahead of the throttle, and a mixture - 
distributing manifold. Warm air from the engine com- 
partment can be drawn through a heating shroud surround- 
ing the exhaust manifold into the carburetor when the 
selector valve is turned to close the ram-air inlet and the 
hot-air bypass. 

TYPES OF INDUCTION-SYSTEM ICE FORMATION 

Three distinct types of icing that occur in the induction 
system are impact, throttling, and fuel-evaporation icing. 

IMPACT ICING 

Impact icing occurs when a subfreezing surface comes in 
contact with supercooled water droplets such as may be 
found in clouds or freezing rain. When the droplet strikes 
the surface, a small portion of the water freezes instanta- 
neously and the latent heat that is released raises the temper- 
ature of the remaining water to 32° F. Heat transfer to the 
surface and to the atmosphere causes this water to freeze. 

Impact ice collects on scoop inlets, duct walls, carburetor- 
inlet screens, exposed metering elements, throttles, and other 
protuberances in the induction system. These ice forma- 
tions may throttle the air flow and thereby reduce the engine 
power. In addition, the ice formations upset the carburetor 
metering by disturbing the air-flow pattern. 

Generally, dry snow and sleet at low temperatures do not 
cause serious icing unless certain types of filter or screen 
are used. Inadequate heating of the inlet may cause dry 
snow to stick to the inlet and produce more serious icing 
than would be experienced with no heating. 

The rates at which local formations of impact ice grow 
depend on the local impingement rates of water droplets. 
Analytical determination of local impingement rates is 


exceedingly difficult because the air-flow pattern must be 
calculated and a tedious step-by-step integration of the 
droplet trajectories performed. An approximate estimate 
of the total amount of free water entering the system can 
be made, however. The term free water is used to denote 
water in a liquid state and excludes water vapor. The rate 
at which free water is carried into the induction system 
equals the product of the volume rate of air flow, the free- 
water concentration per unit of air volume, and the 
collection efficiency of the inlet. The collection-efficiency 
factor allows for the variations in water concentration that 
result from the deviation of droplet paths from the stream- 
lines. 

Water concentrations that might be expected in various 
meteorological conditions are tabulated in reference 23. 

THROTTLING ICING 

Throttling icing is caused either by freezing of water 
or by condensation and freezing of water vapor resulting 
from the expansion cooling of the charge air as it passes 
through restrictions in the induction system. The formation 
of throttling ice on a throttle and a throttle barrel is illus- 
trated in figure 3. As the air flows from a region of high 



Figure 3.— Schematic diagram of throttle and throttle barrel showing air-flow pattern and 

throttling ice. 
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pressure (region 1) to a region of low pressure (region 2), 
it is accelerated to a high velocity and the temperature 
decreases. This decrease in temperature may be calculated 
if the flow is assumed to be isentropic. The temperature 
of the wall and the throttle plate at region 3 will be higher 
than the air temperature at region 2 because of heating ef- 
fects in the boundary layer. 

If no evaporation of droplets is assumed to occur, the wall 
temperature may be calculated and then corrected for cooling 
by evaporation of a water film on the wall, as demonstrated 
in reference 24. This calculation consists essentially in 
estimating the wall temperature assuming dry air, estimating 
the water- vapor pressure at region 2 with the assumption of 
no evaporation, and then finding the wet-bulb temperature 
corresponding to this vapor pressure and the dry-wall 
temperature. 

If the throttle barrel is insulated, the approximate wall 
temperature can be easily estimated with the aid of the 
Mollier diagram for water-air mixtures in reference 25. 
The water droplets and the air are assumed to be in equilib- 
rium and the temperature at region 2 is found by assuming 
a wet isentropic expansion from the pressure at- region 1 to 
the pressure at region 2. The wall temperature is found 
by assuming that 90 percent of the enthalpy drop from 
region 1 to region 2 is recovered in the boundary layer and 
the pressure at region 3 equals the pressure at region 2. 
The air after it passes the throttle loses its velocity in tur- 
bulent region 4. The approximate temperature at region 4 
can be found from the Mollier diagram when the pressures 
at regions 1 and 4 are known by assuming a constant- 
enthalpy process between the two regions. Greater accuracy 
may be obtained by correcting the enthalpy for the difference 



Ratio of throttle pressure to inlet pressure 

Figure 4.— Calculated carburetor-air temperature for several relative humidities that result 
in wet throttle-surface temperature of 32° F for various throttle pressure ratios. Inlet 
pressure, 28.86 inches mercury absolute. 


in velocities at regions 1 and 4. This analysis is approximate 
because the water droplets and the air do not stay in equilib- 
rium during the expansion process. 

The estimated upper temperature limit at which throttling 
ice occurs is shown in figure 4 for throttle pressure ratios 
from 0.96 to 0.53. Values are shown for an inlet pressure 
of 28.86 inches of mercury absolute and relative humidities 
of 60, 80, and 100 percent. Throttle pressure ratios corre- 
sponding to the approximate power settings for glide, low 
cruise, high cruise, normal rated, and take-off are indicated. 

Neither of the two methods of calculating wall tempera- 
tures is strictly in accord with the actual processes within 
the carburetor. A very important consideration that cannot 
be accurately evaluated is the transfer of heat through the 
metal parts. 

In systems such as most light airplanes use, the throttle is 
downstream of the fuel nozzles and is thus also subject to 
fuel-evaporation icing, as discussed in the following section. 

FUEL-EVAPORATION ICING 

Fuel-evaporation icing occurs when fuel is introduced into 
the air stream and the extraction of the latent heat of vapori- 
zation from the air stream and the surrounding metal sur- 
faces is sufficient to reduce the temperatures below freezing. 
The lowering of the temperature condenses and freezes water 
vapor in the air or on the metal surfaces. 

The theoretical cooling effect of gasoline, when complete 
evaporation of a stoichiometric mixture of gasoline and air is 
assumed, is approximately 37° F (reference 26). The local- 
ized cooling effect may be much greater in regions where the 
fuel-air ratio is very rich. Such regions may be close to the 
fuel spray or where fuel impinges on surfaces of the carburetor. 

An accurate analytical evaluation of the maximum local- 
ized cooling effect of gasoline has not been made. An 
approximate method is mentioned in reference 24 in which the 
gasoline is assumed to be a single compound and the vapor 
pressures and the latent heat of this compound are used to 
compute a wet-bulb temperature for a fuel-air mixture. 
This wet-bulb temperature is the theoretical temperature of 
a wall wetted by gasoline. 

Another approximate and less-accurate method of com- 
puting the temperature reduction can be made by assuming 
the existence of a local concentration of the lightest fractions 
of the fuel. If this light fraction is assumed to be isopentane, 
the local cooling effect may be greater than 150° F. 

Experiments with carburetors have shown fuel-evaporation 
icing at inlet-air temperatures as high as 102° F, indicating 
a local temperature reduction of at least 70° F. 

Ice that forms as a result of fuel evaporation builds up at 
several critical locations. Float-type carburetors, which 
mix fuel with the air within the venturi, cause fuel evapora- 
tion to occur during the throttling process and make the 
throttle region especially critical to icing. Pressure-type 
carburetors, which incorporate a fuel nozzle located in close 
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proximity to a wake-producing protuberance, have been 
observed to cause eddying of the fuel spray in sufficient 
quantity to cause ice formation on the protuberances. 
Butterfly-type throttles or fuel nozzles mounted on a central 



Figure 5— Eddying fuel spray in system utilizing butterfly-type throttles and wall- 
mounted fuel nozzle. 


web are particularly susceptible to the effects of fuel recircu- 
lation. Figure 5 shows fuel eddying that occurs in a system 
utilizing butterfly-type throttles and a wall-mounted fuel 
nozzle. Accretions of ice also form on wall-mounted fuel 
nozzles in sufficient quantities to reduce fuel flow seriously. 

METHODS AND TECHNIQUES 

Research conducted by the NACA included investigations 
of icing and de-icing characteristics for several large engine 
carburetor-supercharger combinations, for induction-system 
inlets and ducts, and for light-airplane induction systems. 
The carburetor-supercharger studies for large engines included 
experiments with (1) a laboratory installation of the car- 
buretor and the supercharger inlet without the remainder of 
the engine, (2) a laboratory installation of a complete engine, 
and (3) an engine during flight. 

Air-inlet and duct investigation. — A study was made of 
the icing characteristics and the means for protection of a 
typical inlet and duct combination for a large transport air- 
craft by subjecting the installation (fig. 6) to simulated icing 
conditions in the NACA Lewis icing research tunnel. Icing 
of the filter and inlet combination of a light airplane was 
similarly investigated. (See references 13 and 20.) 

Several experimental inlets, designed to remove free water 
from the charge air by providing inertia separation of the 
water droplets, were investigated both for aerodynamic and 
icing characteristics of the scoop, the duct, and the carburetor 
inlet. 

Carburetor-supercharger installations without engine. 

The icing characteristics of carburetor-supercharger combi- 
nations were determined in the laboratory by inducing air 
flow through the carburetor and supercharger-inlet section 
either by a suction pump connected to the induction system 
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Figure 6.— Schematic diagram of induction-system installation with conventional air scoop in Lewis icing research tunnel. 
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(reference 7) or by operation of the supercharger impeller 
(reference 14). A representative installation is illustrated 
in figure 7. The temperature and the pressure of the sup- 



Figure 7— Schematic diagram of typical induction-system icing research equipment. 


plied air were carefully controlled and measured at the car- 
buretor inlet. Moisture content of the air was regulated by 
steam jets to control humidity and by water sprays to pro- 
vide water in excess of saturation. Instrumentation was 
provided to measure rates of air flow, fuel flow, and simulated- 
rain injection, as well as carburetor and supercharger pres- 
sures, carburetor metering pressures, and other variables 
affected by icing. 

In addition to the study of the effect of icing characteris- 
tics, the effectiveness of de-icing fluids and heated charge air 
as de-icing agents was also determined. The de-icing data 
were obtained by causing ice to form in the induction system 
until a predetermined air-flow decrease occurred. After the 
air flow had been reduced to the predetermined value, the 
de-icing air was turned on by reversing the hot and cold air 
dampers shown in figure 7 and the time for recovery of air- 
flow and fuel metering was recorded. The effectiveness of 
the de-icing agent was evaluated on the basis of the time 
required to produce recovery of 95 percent of the maximum 
air flow corrected for density changes at a given throttle 
setting. 

A study was also made of the effect of icing on the fuel dis- 
tribution from the supercharger-outlet ports of a radial 
engine. 

Dynamometer installation on complete engine. — The 
icing limits for a complete engine equipped with a carburetor- 
supercharger combination corresponding to one of the com- 
binations used without the engine were determined on a 


dynamometer stand. This investigation established the 
effect of a controlled ice formation on the power output and 
the operating characteristics of a complete engine and en- 
abled correlation of the carburetor-supercharger-combination 
results with those obtained when such factors as engine 
vibration and heat dissipation from the operating engine 
were introduced. 

Flight investigation. — An illustration of the induction 
system of one of the engines of a two-engine turbosuper- 
charged fighter airplane, which was used to determine the 
effects of icing conditions on the system during both flight 
and ground investigations (references 16 and 17), is shown in 
figure 8. This engine was similar to the engine used for the 
dynamometer installation. 

Icing conditions were simulated by spraying appropriate 
quantities of water into the carburetor scoop and into the 
intercooler cooling-air duct. Instrumentation was provided 
to obtain relative humidity, temperature, and pressure of 
the charge air at the carburetor deck. Fuel and air flows 
were determined from measurements of the metering pres- 
sures of the carburetor. 

Light-airplane carburetor — inlet manifold combinations. 

Investigations of light-airplane induction-system icing were 
conducted in the laboratory in a manner similar to that used 
for the large carburetor-supercharger installations. An ex- 
hauster system was used to induce a flow of conditioned air 
through the carburetor and manifold combinations. The 
icing characteristics of two typical light-airplane engine in- 
duction systems were investigated using carburetors and 
manifolds of engines in the horsepower ranges from 65 to 
85 and 165 to 185. The smaller system consisted of a float- 
type carburetor with an unheated manifold and the larger 
system consisted of a single-barrel pressure-type carburetor 
with an oil-jacketed manifold. 

IC ING OF INDUCTION-SYSTEM ELEMENTS 

Investigation has shown that some elements of an induc- 
tion system are critically affected by very small quantities 
of ice, whereas other elements have a comparatively large 
icing tolerance. Protection that may be provided for some 
elements against the occurrence of one type of ice at given 
atmospheric conditions may not necessarily prevent mal- 
functioning or engine failure caused by other types of icing 
on other elements. Experiments have been made using 
many configurations under a variety of icing conditions to 
ascertain the critical location of ice formations with regard 
to each of the components of the particular system and to 
determine methods by which complete induction-system 
icing protection can be achieved. 

INLETS AND DUCTS 

With respect to icing, there are two important character- 
istics of inlets. The first characteristic to be considered is 
the icing of the inlet lips. Impact ice forms on the lips and 
impairs the aerodynamic efficiency of the inlet. In addition, 
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the possibility that large pieces of ice may break loose from 
the inlet lips and pass into the carburetor presents a hazard 
to proper carburetor operation. Exposed inlets are partic- 
ularly subject to impact icing, such as that shown in fig- 
ure 9(a). 

The second characteristic is the ability of the inlet to pre- 
vent the passage of free water into other parts of the induc- 
tion system. The ice formed by this free water may block 
air passages (fig. 9(b)) and hinder carburetor functioning. 
The direct-ram types of inlet (figs. 1(a) and 1(b)) have 
practically no water-separation effectiveness but protected 
inlets may prevent most of the free water from entering the 
system. 


The principle of inertia separation can be applied in 
several ways to minimize the intake of water or other forms 
of precipitation into the induction system. For operating 
conditions in which ram loss is not a critical factor, the so- 
called ice guard in the form of a streamlined shield placed 
ahead of the air scoop or a reversible air scoop that could be 
rotated to provide a sheltered nonramming inlet are devices 
that have been proposed for water separation. 

An efficient inlet design similar to that shown in figure 
1(c) has been developed, which accomplishes inertia separa- 
tion of most of the water droplets from the charge air by 
causing the air stream to turn sharply to enter the duct. 
The path of a water droplet in a curved air stream is de- 


Intercooler cooling -air duct 

Carburetor deck — v with water-spray bar- ^ 



Alte rnote air system 

Fjguke 8.— Engine induction system of airplane used for flight icing investigations. 
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termined by (1) the momentum of the droplet, which is a 
function of mass and velocity, (2) the drag force exerted by 
the air stream, and (3) the curvature of the air stream. Thus, 
a very small droplet moving with a low velocity along a 
streamline of small curvature will follow the streamline with 
little deviation. As the mass or the velocity of the droplet 
or the curvature of the air stream increases, the deviation of 
the droplet path from the original streamline will also in- 
crease. If these factors become sufficiently large in an air 
inlet, the droplet will separate from the entering air stream. 
Droplet paths near surfaces are difficult to calculate and the 
impingement of water can be more readily determined by 
experimental methods. 

Most induction systems involve a sharp bend or elbow in 
the air passage ahead of the carburetor. Partial separation 



C-230Q1 



(a) Impact ice on scoop and duct walls. 

(b) Impact ice on carburetor screen. 


Figvre 9.— Typical impact icing of induction-system parts. 

of water or snow can be accomplished by locating a plenum 
chamber or trap in the rear wall of this elbow. 1 lie separa- 
tion efficiency of this type device is low, however, for small 
droplets and will vary considerably with different induction- 
system configurations. Furthermore, the device offers no 
impact-ice protection for the portion of the passage ahead 
of the elbow. 




(a) Leading-edge scoop. (b) Undcrcowl scoop. 

Figure 10.— Air and water-droplet paths for conventional and undcrcowl scoops. 


Investigations in the Lewis icing research tunnel have 
been conducted to determine the rate at which two types 
of inlet collect water. One of the inlets was a conventional 
ram-type inlet (fig. 1(b)), and the other was an undercowl 
scoop similar to that shown in figure 1(c). The front lip 
of the undercowl scoop was curved downward until the 
leading edge coincided with the former position of the lead- 
ing edge of the lower lip on the conventional scoop. 1 he 
rear lip was located as high and as far forward as possible to 
obtain the sharpest turn of the air streamlines without reduc- 
ing the inlet area. Thus, as illustrated in figure 10, air and 
water droplets passed directly into the conventional scoop; 
but, in the undercowl scoop, most of the water droplets 
passed through the engine cooling-air passage. 

The results of the tunnel investigation indicate that the 
undercowl scoop is very effective in removing water drop- 
lets of the size that may be encountered in rain or mist, 
admitting less than 5 percent of the water entering the 
conventional scoop and maintaining better ram recovery 
than the conventional scoop at all angles of attack for 
simulated cruise-power conditions and at high angles of 
attack for simulated-climb conditions. Typical results 
obtained in the investigation are shown in the following 
table where 


collection efficiency 

actual rate of water intake 
(volume flow of air) (water concentration) 


Tunnel-air velocity, ft /sec 
Angle of attack, deg. 

Volume flow, cu ft sec 
Liquid-water content, grams/cu m_. 

1 )roplet size (max. ) , microns 

( tolled ion efficiency, percent 
Ram recovery drj air . percent 


tam-type 

Undercowl 

inlet 

scoop 

235 

235 

4 

4 

26. 2 

26. 2 

1 

85-120 

85-120 

84 

4 

76 

91 


Carburetor-screen icing experienced with the undercowl 
scoop was negligible compared with the excessive and rapid 
formations experienced with the conventional scoop under 
similar conditions. Photographs ol the comparative ice 
formations are shown in figure 1 1 . Examination of the 
inertia-separation duct following exposure to icing conditions 
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in the icing research tunnel showed that some secondary 
inertia separation takes place, as evidenced by light ice 
deposits on the top of the duct beginning just downstream of 
the inlet. The magnitude and the extent of such secondary 
separation depends on the effectiveness of primary separation, 
the air velocity in the duct, the droplet size, and the radius of 
curvature of the duct passage. Secondary separation aids in 
the elimination of water from the carburetor air but may 




(a) Leading-edge scoop. 

(b) Undercowl scoop. 

Figure 11.— Comparison of carburetor-screen icing experienced with conventional and 
undercowl scoops. Air temperature, 25° F; airspeed, 160 miles per hour; air flow to engine, 
12,000 pounds per hour; icing time, 15 minutes. 


cause ice formations that become the critical restriction in the 
system if the design does not incorporate sufficient cross- 
sectional area for some icing tolerance. A high degree of 
primary separation minimizes the danger of ice formation due 
to secondary separation. The design of an undercowl scoop 
requires some compromise between good water-separation 
characteristics and adequate ram recovery. Experiments 
have indicated that maximum water separation can be 
achieved by providing a large circumferential width, a small 
front and rear gap between the lips, and a location as high as 


possible for the rear lip. Complete elimination of water is 
difficult to achieve with an inertia-separation system, 
especially when very small droplets are encountered. 

Flight operating experiences of a multiengine transport, 
with one engine equipped with an undercowl inlet similar to 
that shown in figure 1(c), have demonstrated that this type 
of inlet provided protection against icing under conditions 
where heat or alcohol was necessary to prevent icing in the 
other engines. Statistical measurements conducted during 
several years show that the droplets encountered in these 
flights were probably less than 30 microns in diameter 
(reference 23). 


AUXILIARY SUPERCHARGED SYSTEMS 

The icing characteristics of an induction system incor- 
porating a supercharger ahead of the carburetor are affected 
by the heat input of the compressor, the inertia-separating 
characteristics of the system, and the heat losses. The heat 
input by the turbosupercharger in the (light investigation of 
a twin-engine fighter airplane (reference 17) resulted in a 
temperature rise of approximately 3G° F at take-off power 
(manifold pressure, 50 in. Hg absolute) at a pressure altitude 
of 3500 feet. Although the intercooler-outlet flaps were fully 
closed, this temperature rise of the charge air was reduced 
50 percent in passing through the intercooler. It has been 
found that good inlet-control (laps must be provided to pre- 
vent circulation within the duct and excessive cooling result- 
ing from local circulation at the face of the intercooler. 

Some turbosupercliarged induction systems accomplish 
effective water separation and reduce the susceptibility of 
icing. The system used for (light investigation (reference 17 ), 
however, was subject to impact icing, and in one instance the 
alternate air valve, which was close to the scoop inlet, 
became frozen in the closed position and no warm air was 
available for ice protection. The intercooler of this configura- 
tion was at the lowest point in the induction system, and 
water that was blown along the duct as far as the intercooler 
collected in the lower intercooler header instead of blowing 
over to the carburetor. A small amount of water did reach 
the carburetor, however, when a heavy rain was simulated 
and the engine was operated at high power. 

The water-separation ability of auxiliary supercharged 
induction systems will depend on the particular configura- 
tion. Reduction in the quantity of water that arrives at the 
carburetor and the heat supplied by the compressor will make 
conditions for icing less severe at the carburetor deck than 
when an exposed ramming scoop leads directly to the 
carburetor. 

CARBURETOR-SUPERCHARGER COMBINATIONS 

Impact, throttling, and fuel-evaporation icing character- 
istics of several carburetor-supercharger combinations have 
been investigated as a function of the carburetor-inlet air 
conditions. A study has been made of the effect of various 
factors, such as configuration of the system, throttle design, 
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fuel-discharge system, and power conditions on the icing 
characteristics. The photographs in figures 9(b), 12(a), 
and 12(b) show typical impact icing on the carburetor screen 
and fuel-evaporation icing on the throttles and in the 
supercharger-inlet elbow, respectively. 



(a) Underside of throttles. 

(b) Supercharger-inlet elbow. 

Figure 12.— Typical fuel-evaporation-icc formations. 

Representative limiting curves of serious and visible icing 
are plotted on the basis of carburetor-air temperature with 
relation to humidity ratio in figure 13. Lines of constant 
enthalpy, relative humidity, and liquid-water content are also 
shown. Although the term humidity ratio applies strictly 
to the ratio of water vapor and air, for convenience the 
liquid-water content has also been included in the humidity- 
ratio term herein. 

Fuel-evaporation icing occurs throughout the entire region 
below the visible-icing-limit curve. Serious fuel-evaporation 
icing shown in the area below the serious-icing-limit curve 
represents icing that results in an air-flow reduction of 
2 percent or a fuel-air-ratio change of 6 percent within 
15 minutes. In addition to fuel-evaporation icing in the 


serious-icing range, throttling and impact icing also occur. 
Experimentally determined serious throttling icing has been 
found to occur only at air temperatures below 39° F with 
humidity ratios in excess of saturation; impact icing is en- 
countered at carburetor-air temperatures of less than 32° F 
with humidity ratios also in excess of saturation. 

The icing characteristics with the effects of various factors 
were experimentally investigated for the nine configurations 
shown in figure 14. 

Serious-icing limits. — The experimentally observed limits 
of serious icing for several carburetor-engine configurations 
operated at simulated-cruise power are presented in figure 15. 
The effect of humidity ratio on systems of different design is 
readily discernible. Serious icing was observed at a relative 
humidity* as low as 41 percent at 66° F for a system with 
butterfly throttles, X-bar fuel nozzle directly below the 
throttle, and unheated turning vanes (configuration C). For 
a system with variable throttle and no turning vanes (con- 
figuration B), no serious icing was observed at relative 
humidities of less than saturation at any temperature above 
32° F. Serious icing, which occurred in the systems shown 
in figure 15, nearly always consisted of a combination of 
fuel-evaporation and throttling ice. 

Throttles and other protuberances. -Aerodynamic clean- 
liness of the induction system has an important bearing on 
the icing characteristics of the system. Throttles, unheated 
turning vanes, or other protuberances such as impact tubes, 
boost venturis, altitude compensators, and fuel-discharge 
nozzles are susceptible to the accretion of one or more of the 
three types of icing. Serious icing is shown in figure 15 to 
be prominent in systems containing turbulence-producing 
protuberances near the fuel spray, such as X-bar fuel nozzles 
(configurations A and C), or obstacles downstream of the 
fuel spray, such as turning vanes (configurations C and D). 

Throttle setting. — The effect of throttle setting is shown 
in figure 16, where the limits of serious icing are given for 
th ree of the systems at low cruise and rated powers. When 
higher power was used and the throttles were further open, 
turbulence near the fuel nozzle was reduced. Thus systems 
C and E containing butterfly-type throttles were much less 
susceptible to serious icing at humidity ratios less than 
saturation than they were at the lower power condition. 
Thus, the limit for serious icing for system C was raised 
from a minimum of 41 -percent relative humidity at low 
cruise power to a minimum of approximately 90-percent 
relative humidity for all temperatures at rated power, and 
serious icing at humidity ratios of less than saturation was 
completely eliminated in system E at the higher power 
condition. Configuration E, in which there are no turning 
vanes, also shows improved icing characteristics at high 
power for humidity ratios greater than saturation with a 
reduction in the upper limit of icing of approximately 15° F. 
Configurations C and D, utilizing turning vanes, became 
more susceptible to serious icing at high power for humidity 
ratios greater than saturation because the increased water 
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Figure 13.— Representative limits of visible and serious icing in engine induction system. Carburetor-deck pressure, 28.86 inches mercury absolute. 


available at the higher mass air flows resulted in icing of 
the turning vanes and thereby produced critical restriction 
to air flow; the upper limit of serious icing was therefore 
raised by approximately 5° to 10° F. A more detailed 
observation of the effect of throttle position on the formation 
of serious icing is given in references 19 and 27. 
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Type of throttle. — In configuration B, where variable- 
venturi throttles permitted relatively smooth, unobstructed 
flow of the throttled air stream to the impeller inlet, the 
condensate from throttling and fuel evaporation in clear-air 
conditions was carried away from the critical-icing areas 
before it could build up to dangerous ice formations. In 
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this type of system, serious icing was encountered only when 
water flowed over carburetor and duct surfaces. Favorable 
icing characteristics were shown for liquid-water contents 
up to 3 grams per cubic meter (fig. 15). Butterfly-type 
throttles, such as used in configuration E, caused turbulence 
in the wake of the throttles, which resulted in serious-ice 
formations on the throttles and the adjacent walls. (See 
fig- 16.) 

Engine size. — The effect of the size of similar carburetor- 
engine combinations on serious-icing limits when the engines 
were operated at comparable fractions of rated power is 
shown in figure 17. No appreciable difference in the icing 
limits was observed when a variable-area venturi throttle 


together with a fuel-discharge nozzle bar was used (con- 
figurations B and F) or when a fuel-injection slinger ring was 
used at the impeller (configurations G and H). The dis- 
placement of each of the larger systems F and H was approxi- 
mately 1.4 times that of the comparable smaller systems 
B and G. 

Fuel-metering systems. — The type of fuel-metering equip- 
ment used in an engine is frequently the principal factor 
governing the critical-icing characteristics of the induction 
system. In some systems, the carburetor is the part of the 
induction system least able to tolerate even small amounts 
of any of the three types of icing. In general, fuel metering 
is affected by the formation of ice on or near the pressure- 






Configuration 

Carburetor 

Fuel-nozzle type and location 

Engine size and type 

Air-passage shape 

Throttle type 

A 

Twin barrel 

Butterfly 

X bar downstream of throttle 

14-cylinder, radial. 

B 

Rectangular 

Variable venturi . 

Bar between venturis 

9-cylinder, radial. 

c 

Twin barrel 

Butterfly 

X bar downstream of throttle 

14-cylinder, radial. 

D 

Rectangular 

Twin rectangular. 

Bar downstream and between throttles 

14-cylinder, radial. 

E 

Twin barrel 

Butterfly 

Nozzle in supercharger-inlet elbow 

12-cylinder, V. 

p 

Rectangular 

Variable venturi 

Nozzle bar between venturis 

14-cylinder, radial. 

G 

Twin barrel 

Butterfly 

Slinger ring at impeller 

14-cylinder, radial. 

H 

Triple barrel 

Butterfly 

Slinger ring at impeller 

18-cylinder, radial. 


Tu'in h'lrrnl 

Butterfly 

Slinger ring at impeller 

12-cylindcr, V. 


1 ill Uul III 





Figure 14.— Carburetor-engine configurations A to K used in determining induction-system icing characteristics. 
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sensing elements or in tlie small passages of the air-metering 
side of the carburetor. Icing of the throttle causes reduction 
in air flow and in severe cases may sufficiently alter the air 
and the fuel-air-ratio distribution to the cylinders to cause 
engine roughness. 

Another problem closely associated with carburetor icing, 


which displays similar symptoms and must be given careful con- 
sideration in design, is water accumulation within the meter- 
ing passages of the carburetor. For engines that have been 
designed to operate near the minimum satisfactory limits 
of fuel-air ratio with critical metering differential pressures, 
water accumulation in the metering passages of the carbu- 
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retor due to direct water intake or melting ice will cause 
erratic operation and may result in abrupt and complete 
engine stoppage. Sluggishness in restoring proper fuel-air 
ratio after completely de-icing the system is also an indica- 
tion of this trouble. Some carburetors are more sensitive 


than others, but generally the effects of water in a carburetor 
are unpredictable. Fuel-metering systems that incorporate 
adequate water drains or that avoid the use of exposed 
pressure-sensing elements and air-circulating passages can 
eliminate this problem. 
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Figure 17.~Effect of engine size on limiting serious-icing conditions for similar carburetor-engine configurations oi>eratcd at comparable fractions of rated power. 


Location and type of fuel-discharge system. — Location of 
the point of fuel discharge and the type of fuel-discharge 
system used are very important in the design of an ice-free 
system. A system in which the fuel spray contacts only 
adequately heated or otherwise suitably protected parts will 
be free from fuel-evaporation icing. Examples of such 


systems are those incorporating injection into the super- 
charger impeller, injection into the cylinder inlet pipes, which 
are heated either by supercharging or by conduction from 
the engine, or direct injection into the cylinder (references 10, 
18, and 27). 
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Figure 18 .-Icing characteristics obtained with two systems having impeller fuel injection (configurations G and H) compared with system having fuel discharge below throttle 

(configuration E). 


A comparison of the limiting serious-icing conditions for a 
system with fuel injection near the throttles (configuration E) 
and for two systems in which the fuel is injected from a 
slinger ring at the supercharger impeller inlet (configurations G 
and H) is presented in figure 18. Configuration E was 
modified (configuration K) to incorporate an impeller fuel- 
injection system similar to that used in configurations G 
and H. A complete determination of the limits of icing was 


not made, but visual observation during the course of the 
investigation showed that no fuel-evaporation ice was 
present. The curve representing the icing limits for con- 
figuration K should therefore bo similar to those for con- 
figurations G and H. The maximum temperature at which 
icing occurs for configuration E is approximately 57° F, 
compared with approximately 38° F for configurations G 
and H (and probably K). 
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OPERATING VARIABLES 

Some of the operating factors that affect the icing of an 
induction system are: (1) throttle position during the icing 
condition, (2) mixture setting selected, (3) correct or in- 
correct use of carburetor heat, (4) water injection for power 
increase, and (5) pilot operating technique. 

Operation at conditions requiring small throttle openings 
is conducive to throttling and fuel-evaporation icing, which 
has been discussed. Flight at high altitudes requires large 
throttle openings and therefore has reduced susceptibility to 
icing. Similarly, the susceptibility to icing at high-power 
settings is small because of the wide throttle opening at these 
conditions. 

The use of a manifold pressure regulator that acts to 
maintain the manifold pressure by opening the throttle as 
ice forms and restricts the flow may cause the throttle to be 
moved to the wide-open position before the pilot has any 
indication that ice is forming in the induction system. This 
type of operation may therefore be hazardous. 

The effect of mixture setting on icing is negligible because 
in the leanest setting all the fuel is not evaporated and in- 
creased fuel-air ratio does not result in further temperature 
reduction. Control of the mixture setting may give an 
extra margin of safety during icing because ice formation 
within the carburetor often results in a leaner mixture and 
the engine can be operated for a longer time by changing to 
a richer mixture-control setting. 

Incorrect use of carburetor heat can change a nonserious 
dry-snow condition into a serious-icing condition by melting 
the snow and causing additional moisture to be made avail- 
able for the throttling and fuel-evaporation icing processes. 

The results of an investigation reported in reference 21 
indicate that water injection with fuel for purposes of in- 
creasing maximum power output creates serious-icing condi- 
tions. The use of water-ethanol fuel mixtures resulted in 
no icing of serious consequence for temperatures as low as 
-20° F. 

Engine operation in which the throttle setting is constant 
for long periods of time has resulted in ice accretions of 
serious magnitude in icing conditions that would not ordi- 
narily be considered serious. Idling for some time before 
take-off may also have the same result. Extended operation 
in an icing condition has caused the throttle to become in- 
operative because of ice accumulations around the throttle 
shaft both in the laboratory (reference 15) and in flight 
investigations (reference 28). 

FUEL VOLATILITY 

Another factor that affects the icing characteristics of an 
induction system is the volatility of the fuel. In the labora- 
tory investigation of the icing characteristics of an induction 
system (reference 15), the use of S-4 reference fuel (isooctane) 
with no light fractions caused less fuel-evaporation icing than 
AN-F-22 fuel in a similar length of time. The AN-F-22 
fuel consisted of fractions, 85 percent of which were more vola- 
tile than S-4 reference fuel. The AN-F-28, Amendment-2 
fuel, more like S-4 fuel in volatility, also produced less air- 


flow drop due to icing than did AN-F-22 fuel in a similar 
period. 

MIXTURE DISTRIBUTION 

During the laboratory investigation of a carburetor- 
supercharger combination with spinner-type fuel injection as 
used on a double-row radial engine (configuration H), a study 
was made of the effect of ice on the distribution of fuel-air 
mixture to the various inlet pipes. The mixture distributions 
obtained with both dry air and impact icing at a carburetor- 
air temperature of 25° F are shown in figure 19. A consider- 



(a) Throttle angle, wide open. 

(b) Throttle angle, 28°. 

Figure 19.— Effect of icing on mixture distribution. Air temperature, 25° F; air flow, 
7000 pounds per hour reduced to 6500 pounds per hour by icing. 

able spread in fuel-air ratio between the richest and leanest 
cylinders was observed under both nonicing and icing 
conditions. The spread between the richest and leanest 
cylinders was from 0.094 to 0.008 under nonicing, conditions 
at a throttle angle of 28° (fig. 19(b)), and varied from 0.095 
to 0.059 under impact-icing conditions at wide-open throttle 
(fig. 19(a)). At the wide-open throttle set ting, icing lowered 
the average fuel-air ratio and increased the spread in fuel-air 
ratio. Icing lowered the average fuel-air ratio at the 28° 
throttle setting, but the spread in fuel-air ratio was not as 
great as that occurring without icing. The most significant 
effect of impact icing at the carburetor is the reduction in 
over-all fuel-air ratio with the resultant possibility that the 
fuel-air ratio to one or more of the leanest cylinders might be 
well below the lower limit of combustion. The serious re- 
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duction of fuel-air ratio under icing conditions was attributed 
to the accumulation of water or ice in the air-metering passages 
of the carburetor. The change in mixture-distribution pat- 
tern and spread in fuel-air ratio delivered to the various inlet 
pipes was attributed to changes in the air-flow distribution 
due to local ice deposits. 

The effect of ice blockage of the carburetor screen on carbu- 
retor metering and mixture distribution is, in general, un- 
predictable and varies with change in air-flow profile. In 
order to simulate the blocking effect of large pieces of ice, 
which are sometimes dislodged from upstream duct walls 
and deposited on the carburetor screen, various sections of 
the screen were blocked for part of the mixture-distribution 
investigation (reference 10). The results obtained showed 
that on an engine with the supercharger impeller rotating in 
a clockwise direction, blocking of 25 percent of the screen 
adjacent to the left edge produced the greatest effect. The 
fuel-air ratio spread between the richest and leanest cylinders 
increased to 0.029, as compared with 0.020 (reference 10) 
and 0.026 obtained with no blocking (fig. 19). An increase 
in average deviation from the over-all fuel-air ratio of ap- 
proximately 0.002 was also experienced, but was not con- 
sidered large enough to be serious. 

LIGHT- AIRPLANE INDUCTION SYSTEMS 

The limiting icing conditions at low cruise power of two 
light-airplane carburetor-manifold combinations (reference 20) 
are shown in figure 20. Configuration L is a conventional 
updraft float-type carburetor with an unheated manifold for 
engines of 65 to 85 horsepower, and configuration M is a 
small updraft pressure-type carburetor with an oil-jacketed 
manifold for engines of 165 to 185 horsepower. The curves 
shown in figure 20 for configuration M represent conditions 
for which no heat was supplied to the manifold and provide 
a comparison of the icing characteristics of the float-type and 
pressure-type carburetors under similar conditions. 

Both carburetors were susceptible to icing at glide power 
(fig. 20) primarily because of the design of the idling fuel- 
discharge systems: the float-type system because of ice 

formation around the idle-fuel discharge holes, and the 
pressure-type system because of extreme variations of the 
fuel-air ratio. In the pressure carburetor (configuration M), 
icing on or near the throttles seriously affects fuel-air ratio 
because the fuel flow in the idling range is controlled by a 
mechanical linkage to the throttle mechanism and the fuel 
flow is a function of the throttle position rather than a 
function of the air flow. Eddying fuel in the turbulent wake 
of the nearly closed throttle caused fuel-evaporation icing 
at the throttle plate, which restricted the air flow, whereas 
the fuel flow remained unchanged. 

Heating the manifold with oil at 170° F circulating through 
the jacket eliminated serious icing at low cruise power and 
reduced the visible-icing range to carburetor-air temperatures 
below 60° F. 


INDICATION AND DETECTION OF ICING 

The presence of ice in an induction system may be relayed 
to the pilot in different ways, depending on the type of 
carburetor-engine combination, the ice location, and the 
supplemental equipment used on the installation. For 
airplanes operating at a constant pressure altitude and 
throttle setting, an air-flow loss due to blocking by ice 
formations results in a reduction in the manifold pressure. 

A torquemeter also provides indication of power loss due 
to icing on airplanes equipped with this apparatus. Aircraft 
engines having fixed-pitch propellers indicate power loss 
due to icing by a reduction in engine speed. Icing that 
occurs on the fuel-metering parts of the system may be 
indicated by a change in fuel flow, if a flowmeter is provided, 
and is evidenced by surging, engine roughness, backfiring, 
and, in extreme cases, complete engine stoppage. Operation 
at reduced power or idling is frequently impossible if icing 
occurs on the metering parts of the carburetor. For engines 
equipped with automatic manifold pressure regulators, the 
presence of ice in the air passage is not evident until the 
throttle has reached the wide-open position unless a throttle- 
position indicator is used. The manifold pressure regulator 
may therefore be hazardous in the presence of icing because 
further power is unavailable until de-icing can be ac- 
complished. 

Numerous instruments have been designed for the par- 
ticular purpose of detecting ice in aircraft-engine induction 
systems. These instruments have utilized several different 
principles of operation (reference 5) including interruption 
of a light beam focused on a photocell, the blocking of 
special air passages to upset a pressure-differential system, 
a comparison of pressure drop through an ice-free air passage 
and the induction system, and the change in capacitance 
between charged plates due to icing. 

None of these ice detectors is entirely satisfactory because 
of the difficulty in locating the sensing elements in positions 
in which they will register any type of icing that may 
occur in the system at the respective critical location. 
An instrument that would detect only one type of icing 
at its particular area of susceptibility would have limited 
utility. Several ice detectors have been developed that are 
sufficiently sensitive to ice formation, but are erratic and 
indicate falsely. The pressure-differential and capacitance 
systems have required high sensitivity. Under such circum- 
stances, water in the pressure tubes or on the charged plates 
may produce an erroneous indication of icing. A suitable ice 
detector must be an extremely reliable instrument to retain 
pilot confidence. Failure of the detector to indicate ice 
might cause the pilot to delay or to neglect carburetor heat 
or other protective means and possibly prevent adequate 
corrective measures. 

In general, the use of ice-warning devices has been un- 
satisfactory and none has been accepted for general use. 
For those systems not fully protected, a direct indicating 
unit is needed to replace the close observation that is re- 
quired to detect the effects of icing. 
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Figure 20.— Limiting serious-icing conditions for two light-airplane carburetor-manifold combinations. 


ICE PREVENTION AND REMOVAL 

Analysis of the factors that cause induction-system icing 
indicates two general methods for combating the icing 
problem: (1) design of an inherently ice-free system, and 
(2) application of measures to remove and to prevent ice 
formations. The first method is the most logical solution 
to the problem because the pilot need not be concerned with 


malfunctioning of anti-icing equipment. In some installa- 
tions, however, removal and prevention of ice formations 
may be more convenient than to provide an inherently ice- 
free system. A combination of both methods will frequently 
provide a satisfactory arrangement. The most suitable 
means of ice protection will be determined by the design 
features and use of a particular aircraft. 
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Figure 21.— Schematic diagram of induction system incorporating ice-prevention features. 


ELEMENTS OF ICE-FREE SYSTEMS 

An induction system incorporating features to reduce the 
intake of free water into the system, to prevent throttling 
icing, and to eliminate fuel-evaporation icing is illustrated 
in figure 21. 

Elimination of impact ice. -Impact icing can be prevented 
if the free water is eliminated from the air that contacts or 
flows through the induction system. As pointed out in the 
discussion of icing of inlets and ducts, a system that incor- 
porates some type of inertia separation can be made to 
eliminate most of the free water from the inlet air. The 
elimination of free water in the system will eliminate the 
icing conditions represented by the area to the right of the 
saturation line in figure 13. Complete water elimination is 
very difficult to achieve, but sufficient protection can be 
afforded by careful and proper design of an inertia-separation 
system that will maintain high ram recovery and insure safe 
engine operation in impact-icing conditions. 

Elimination of throttling ice. Throttling ice can be elim- 
inated bv locating the throttling device in a warmed region, 
such as between the engine-stage supercharger and the 


cylinders, or by the application of heat to the conventional 
throttle, throttle body, and downstream surfaces (fig. 21). 

Double opposed throttles or variable venturi throttles in 
rectangular carburetors were found to be relatively free from 
throttling ice as compared with the butterfly-type throttle. 
Many British carburetors and throttle bodies with butterfly- 
type throttles, however, are automatically protected from 
icing by the forced circulation of hot engine oil through 
carburetor jackets and hollow throttle plates. I hrottling 
ice can be eliminated without resorting to special heating by 
locating the more desirable types of throttle in a warm 
region of the induction system. 

Elimination of fuel-evaporation ice. — Fuel-evaporation 
ice, which occurs when removal of the latent heat of vaporiza- 
tion of fuel cools the air stream and surrounding metal parts 
below freezing, may be effectively prevented by injecting the 
fuel at any location beyond which the passage surfaces are 
maintained above freezing. Thus, injection of the fuel 
directly into each cylinder (fig. 21) will obviously preclude 
the possibility of fuel-evaporation icing. In engines with 
centrifugal superchargers, fuel-evaporation ice can be 
eliminated by introducing the fuel at or downstream of the 
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face of the impeller in a manner that will avoid splashback 
of the fuel from the impeller blades, such as can occur if the 
injection device is stationary (reference 18). The use of 
impeller fuel injection limits icing to throttling and impact 
types that occur below 40° F (fig. 18). 

MEASURES TO PREVENT OR REMOVE ICE 

Heated air, — The entire induction system can be pro- 
tected from icing by heating the charge air with an attendant 
sacrifice of full throttle power. The amount of heat re- 
quired for ice protection must be sufficient to raise the 
temperature above the limiting conditions and will therefore 
vary considerably with different induction systems. In 
order to determine the specific requirements of a particular 
installation, the air conditions required to prevent icing in 
that installation must be determined. Thus, the maximum 
values of temperature at which icing occurs in each induction 
system are also the minimum values of carburetor-inlet-air 
temperature required to insure adequate protection against 
icing in the respective systems (figs. 15, 16, and 18). 

For adequate ice prevention in an induction system where 
all three types of ice can occur, the hot-air system must be 
capable of maintaining the charge-air enthalpy as high as 
34 Btu per pound of air above 0° F at cruise-power condition 
(fig. 15). This value represents a temperature rise in dry 
air of 150° F. At the glide-power condition for the light- 
airplane induction system incorporating a float-type car- 
buretor, the hot-air system must be capable of maintaining 
the charge-air enthalpy at approximately 42 Btu per pound 
of air. 

In induction systems incorporating design features that 
tend to reduce the icing hazard, a commensurate reduction in 
preheat capacity for ice prevention is warranted. For 
example, considering all the induction systems shown in 
figure 15, the prevention of water intake would permit a 
reduction of the requisite enthalp}^ from 34 to 29 Btu per 
pound of air; the use of impeller fuel injection with an 
unprotected inlet (fig. 18) would permit a reduction to 
25 Btu per pound of air; a system that excludes water and also 
uses impeller fuel injection would require only 15.5 Btu per 
pound of air for ice prevention. 

The existence of local induction-system-icing conditions is 
not always easy to anticipate and considerable ice may form 
below the carburetor, particularly at low power, before 
engine operation is impaired. This ice, although it may not 
be detrimental at low air flows, may seriously restrict the 
maximum power obtainable for emergency. In order to 
permit rapid increase to emergency power, a hot-air de-icing 
system must be capable of providing rapid air-flow recovery 
from a severely iced condition. The quantity of heat 
required for emergency de-icing must therefore be considered 
in establishing heating requirements for the de-icing air. 

The enthalpy requirements for emergency de-icing of 
induction-system configurations F and H are plotted in 
figure 22 as a function of the time required to recover 
95 percent of the respective initial air flows. The quantity of 


heat required for emergency de-icing is higher than that 
required for ice prevention. For example, a comparison of 
figures 17 and 22 (configuration H) indicates that the 
minimum heat required for emergency de-icing of the 
carburetor-supercharger assembly (95-percent air-flow re- 
covery within 25 sec) is approximately 28 Btu per pound of 



Figure 22.— Variation of air-flow recovery time with de-icing air enthalpy for two induction 
systems at low cruise power with an air-flow loss due to icing of 2000 pounds per hour. 


air as compared with 18 Btu per pound of air required for ice 
prevention of this system. Lag of the heating system will 
increase the required time to obtain full recovery. It can be 
observed from figure 22 that heat in excess of the amount 
required for recovery in approximately 25 seconds does not 
appreciably reduce the recovery time. 

Insufficient air heating may result in an icing condition 
that is more dangerous than would occur if no heat were 
used. In the case of an aircraft flying through fine dry snow 
and using no carburetor heat, most of the snow would pass 
through the induction system without adhering to the sur- 
faces. The addition of a*small quantity of heat would cause 
the snow to become wet and stick to the passage walls and 
protuberances, which would result in serious blockage of air 
flow or altered fuel metering. Stratification of the cold and 
heated air resulting from poor design or part opening of the 
air-heat valve for ice prevention may also have adverse 
effects on fuel metering. 
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One extensively employed method for obtaining heated 
air consists of an alternate air inlet located at the rear of the 
engine or in the accessory compartment. Such a system 
has the advantage of being relatively light and simple. The 
heat capacity available, however, may be insufficient for 
adequate protection; and when warm air is taken from 
behind the engine cylinders or from behind a coolant radiator, 
the possibility of high local moisture concentrations within 
the engine cowl requires careful selection of the location and 
the design of the alternate inlet. Adequate protection must 
also be provided to prevent freezing of the hot-air control 
valve. 

The heat from the engine exhaust can be utilized by means 
of exhaust-gas heat exchangers built into the main induction 
system or by the use of muffs or shrouds around the exhaust 
system to supply hot air through the alternate air system. 
When a rapid descent or landing approach has been made 
or when considerable power has been lost because of ice 
in the induction system, the heat available from the exhaust 
system might be insufficient for adequate protection. 

The bleeding of exhaust gas directly into the intake air in 
carburetor-equipped engines is another possible source of 
heat. In some types of induction system, this method 
presents a fire hazard and in addition may contaminate the 
air-metering parts. 

In general, charge-air heating may provide adequate pro- 
tection from all types of icing downstream of the introduc- 
tion point of hot air if sufficient heat is available for all 
conditions of operation. Such a system requires proper 
pilot attention and operation. The alternate system must 
be designed to provide the quantity of heat required for 
protection of the carburetor at the moisture conditions of the 
inlet air. In addition, the hot-air damper must be protected 
from icing. 

Several methods of obtaining heated air are available. 
The selection of a suitable method remains the designer's 
choice for each particular installation. Precaution should 
be taken in the design of the heated-air control doors, how- 
ever, to insure that the control forces required to operate 
the doors are minimized. The high air velocity through the 
cold ram-air scoop required to maintain cruise mass air flow 
at altitude may make the control force required to operate 
the doors several times that required at sea level. 

Heating of induction-system parts. — Application of suffi- 
cient heat to all surfaces within the induction system will 
eliminate all forms of induction-system ice. I his method 
of ice protection affords certain advantages over the use of a 
hot-air system: (1) Surface heating results in a small rise in 
the temperature of the charge air and a negligible loss in 
ram-pressure recover}^ so that tire accompanying loss in 
altitude performance is correspondingly low; (2) the pro- 
tection can be applied continuously; (3) ice prevention can 
be accomplished with a smaller total quantity of heat than 
is required with a heated-air system; and (4) control of the 
heat can be made automatic. 

The following example, although greatly simplified, serves 
to illustrate the relative quantities of heat required by the two 
systems. Assume a 7 -inch-diameter duct through which 
air at a temperature of 25° F with a free-water content 


of 0.0004 pound per pound of dry air (approximately 
0.5 gram/cu m) and at standard sea-level pressure is flowing 
at a rate of 4600 pounds per hour. The surface of the duct 
is considered to be wet and maintained at 32° F. This 
induction system would require 200 Btu per hour per foot 
of length and, if the inlet duct were 5 feet long, would 
require a total of 1000 Btu per hour to keep the surface 
above freezing. If all the air flowing at a rate of 4600 pounds 
per hour were heated to prevent freezing, 9800 Btu per 
hour would be required. 

The principal disadvantage of a surface-heating system is 
that the surfaces within the induction system must be 
warmed above freezing for the entire length unless other 
means of protection are provided. Otherwise, ice may melt 
from the heated surfaces only to freeze again on unprotected 
areas farther downstream. The installation required for 
suitable protection may thus become very complex. 

Protection of the air-inlet duct might require a rather 
elaborate heating system, particularly if the duct is a complex 
configuration. The advantages gained in engine performance 
because of small losses in air density, reduced quantity of heat 
required, and elimination of pilot attention to the operation of 
hot-air doors, however, may in many cases be sufficient to 
offset any difficulties incurred in the application of a surface- 
heating system. 

Heating of carburetor-air-metering parts presents an 
exceedingly difficult problem, which can be treated more 
efficiently by elimination of the parts subject to icing or by 
relocation of the parts to a warm region. Elimination of the 
conventional exposed fuel-metering elements, venturis, and 
impact tubes, which are subject to icing and are difficult to 
protect, has been accomplished (reference 29) with the 
development of a fuel-metering device known as the RAE 
speed density meter. The metering is determined by engine 
speed, manifold pressure, manifold temperature, and exhaust- 
back pressure. 

Oil-jacketed carburetors with oil-heated throttles have had 
extensive use in British installations. Tests at the Royal 
Aircraft Establishment (reference 22) indicated that an 
adequately jacketed carburetor can be maintained relatively 
free of throttling and fuel-evaporation ice with charge air 
at a temperature of 40° F flowing at a rate of approximately 
4200 pounds per hour by the expenditure of approximately 
45 Btu per minute. The results obtained with electrically 
heated throttle plates that were installed in an otherwise 
unheated carburetor (reference 19) agreed with the British 
investigation, wdiich indicated that heat must be applied to 
both the throttle barrels and the throttle butterfly. The 
throttle plates were kept entirely free of ice under the most 
severe icing conditions with a heat input of approximately 
51 Btu per minute for charge air at a temperature of 40° F 
flowing at 4600 pounds per hour, but considerable quantities 
of ice did accumulate on the walls of the throttle barrels. 

De-icing by means of fluids. — Antifreeze fluid-injection 
systems are normally installed to supplement other protective 
systems that may be deficient under some operating condi- 
tions or for emergency de-icing if the normal protective 
methods are not applied in time. 
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Desirable characteristics of de-icing fluids are as follows: 

(1) large freezing-point depression when mixed with water, 

(2) high water solubility, (3) low vapor pressure to min- 
imize evaporation, (4) low latent heat of vaporization, 
(5) noncorrosive, (6) no'adverse effect on engine operation, and 
(7) noninflammable. Because most de-icing fluids now used 
are inflammable, such systems are regarded as operational 
hazards. 

Included among the de-icing fluids used have been ethanol 
and isopropanol. Commercial de-icing fluids consist of a 
mixture of ethanol, methanol, denaturants, and sometimes 
a rust inhibiter. Ethanol and isopropanol are very similar 
in physical properties, but the ethanol provides greater 
freezing-point depression. Addition of some types of de- 
icing fluid to the charge air reduces the octane rating of the 
mixture and may cause detonation with consequent reduction 
in the power available and in severe cases may damage 
the engine. 

Variations in different induction systems of the method and 
the point of injection and the type of de-icing fluid used are 
critical factors in fluid de-icing. In order to obtain the most 
effective ice removal, the de-icing fluid should be sprayed into 
the air stream as close as possible to the ice formation so that 
a large concentration of undiluted fluid will reach the ice 
formation. In most applications, fluid is sprayed into the air 
immediately above the carburetor and removes only those 
ice formations downstream of that location. 

The de-icing fluid flow rate for ice removal varies with 
different induction systems and the type of ice being re- 
moved. 

For a relatively clean system involving few protuberances 
or irregularities in the carburetor and air passage (configura- 
tion B, fig. 14) with an air flow of approximately 4000 pounds 
per hour (cruise power) at a carburetor-air temperature of 
40° F, a de-icing-fluid flow of 1 to 2 percent of the air flow 
was required to insure removal of throttling and fuel- 
evaporation ice within approximately 5 minutes after initial 
application (reference 6). The fluid de-icing-investigation 
of configuration D showed similar recovery times for con- 
ditions of icing-air temperature and fluid flows comparable 
to those used for the investigation of configuration B at 
cruise-power conditions. For rated-power conditions with 
impact icing at 25° F, full recovery within 5 minutes could 
not be accomplished in configuration D with fluid flows as 
high as 1 percent of the air flow (reference 8). An investiga- 
tion of a larger induction system showed that de-icing-fluid 
flows in excess of 1 percent of the air flow were required to 
remove impact icing alone. 

The use of alcohol vapor as a de-icing agent has also been 
investigated (reference 6). This method gave slow recoveries 
and part of its small success may be ascribed to the release 
of latent heat to the air stream by the vapor when it con- 
densed. 

An analytical method has been developed by which it is 
possible to determine the theoretical minimum amount of 
alcohol required to prevent carburetor icing or to compare 
the merits of fluids of different composition. This method, 
which is developed in reference 24. is based on the determina- 


tion of the amount of alcohol required to lower the freezing 
point of water to the minimum surface temperature existing 
in the system, considering the adiabatic temperature drop 
due to throttling, the kinetic rise in the surface boundary 
la} T er, and the cooling effect of the evaporation of the de- 
icing fluid. Only the minimum rate of de-icing fluid can be 
determined by this method because perfect distribution of 
the fluid has been assumed. 

British investigators have reported considerable success in 
eliminating fuel-evaporation icing by injecting alcohol with 
the fuel at a rate of from 2 to 5 percent of the fuel- 
consumption rate. Alcohol may be added in bulk to the fuel 
supply, provided that the alcohol is kept free of water to 
prevent separation of the alcohol and the fuel. 

In general, a fluid de-icing system is inadequate and 
unreliable as a sole means of ice protection and should be 
considered only an emergency de-icing method. The re- 
coveries obtained with heated air are usually much faster 
than those obtained with de-icing fluids. If a fluid de-icing 
system is to be used, it should be carefully designed both to 
satisfy the particular ice-prevention requirements of the 
induction system in which it is to be installed and to min- 
imize the potential fire hazard common to this system of 
protection. Precautions must also be taken to insure posi- 
tive shut-off of the alcohol system on engine shut-down to 
prevent accumulation of alcohol vapor in the induction 
system. The results of many fluid de-icing experiments 
indicate that the requirements of each individual induction 
system must be separately determined with particular 
scrutiny of the spray characteristics of the nozzles used and 
the distribution of the fluid. 

CONCLUSIONS AND RECOMMENDATIONS FOR 
DESIGN AND OPERATION 

The elimination of factors that cause induction-system 
icing appears to present the most logical solution to the 
problem. In some installations, however, a method of pre- 
venting and removing ice may be more feasible rather than 
providing an inherently ice-free induction system. On the 
basis of the information contained herein and a review of 
pertinent literature, the following recommendations and 
conclusions are cited for reference in the design and operation 
of induction systems: 

1. The intake of free moisture, snow, and ice particles into 
the induction system should be reduced to minimize the 
formation of impact ice and to reduce the seriousness of 
fuel-evaporation and throttling ice. Most of the free- 
moisture intake can be prevented by the use of inertia- 
separation methods. 

2. Induction-system passages should be aerodynamically 
clean and free from protuberances, carburetor screens, and 
exposed metering parts that might serve as collecting points 
for ice. 

3. Air-metering devices should be located in a warm or 
dry region. Air-metering devices located in regions where 
free moisture may be present in the air should be designed to 
exclude water from the metering passages or should incorpo- 
rate adequate drainage and protection against freezing of 
the entrained water. 
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4. Provisions should be incorporated to maintain surfaces 
of the throttle and the throttle body above freezing. 

5. Fuel should be injected in a region at and beyond which 
the passage surfaces are maintained above freezing to prevent 
fuel-evaporation icing. The fuel must also be injected so as 
to avoid splashback or eddying of fuel into colder regions. 

6. A satisfactory lieated-air system must be capable of 
supplying not only sufficient heat for ice prevention, but 
also must be capable of furnishing the additional heat re- 
quired for emergency ice removal. Alternate heated air 
must be applied before engine power is reduced to the extent 
that the required heat for de-icing is unavailable. Stratifi- 
cation of heated air in the duct, such as will occur with part 
opening of the heated-air damper, may seriously affect fuel 
metering and effectiveness of icing protection. 

7. In general, the performance of fluid de-icing systems is 
unpredictable and slow and their use is not recommended as 
sole means of protection. If a fluid de-icing system is to 
be used for emergency protection, it should be carefully de- 
signed both to satisfy the particular ice-prevention require- 
ments of the induction system in which it is to be installed 
and to minimize the potential fire hazard common to this sys- 
tem of protection. 


Lewis Flight Propulsion Laboratory, 

National Advisory Committee for Aeronautics, 
Cleveland, Ohio, June 20, 19^9. 
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Positive directions of axes and angles (forces and moments) are shown by arrows 
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4. PROPELLER SYMBOLS 


Diameter 
Geometric pitch 
Pitch ratio 
Inflow velocity 
Slipstream velocity 

Thrust, absolute coefficient C T — — 

pn-/) 1 

Torque, absolute coefficient C 0 =— y™ 

pn 2 D* 


P Power, absolute coefficient C P = — , 

pn 3 D 6 


c, 

Speed-power coefficient =+l 

l P V s 

Pn 1 

V 

Efficiency 

n 

Revolutions per second, rps 


$ 

Effective helix angle = tan -1 

( V ) 
\2 rrn) 


1 hp=76.04 kg-m/s— 550 ft-lb/sec 
1 metric horsepower=0.9863 hp 
1 mph=0.4470 mps 
1 mps=2.2369 mph 


5. NUMERICAL RELATIONS 

1 lb=0.4536 kg 
1 kg =2. 2046 lb 
1 mi= 1,609.35 m= 5,280 ft 
1 m=3.2808 ft 


